Abstract With the observations from Rossi X-ray Timing Explorer, we search and study the X-ray bursts of accreting millisecond X-ray pulsar SAX J1748.9-2021 during its 2010 outburst. We find 13 X-ray bursts, including 12 standard type-I X-ray bursts and an irregular X-ray burst which lacks cooling tail. During the outburst, the persistent emission occurred at ∼(1-5)%Ṁ Edd . We use a combination model of a blackbody (BB), a powerlaw, and a line component to fit the persistent emission spectra. Another BB is added into the combination model to account for the emission of the X-ray bursts due to the thermonuclear burning on the surface of the neutron star. Finally, we modify the combination model with a multiplicative factor f a , plus a BB to fit the spectra during the X-ray bursts. It is found that the f a is inversely correlated with the burst flux in some cases. Our analysis suggests that the ignition depth of the irregular X-ray burst is obviously smaller than those of the type-I X-ray bursts. We argue that the detected type-I X-ray bursts originate from helium-rich or pure-helium environment, while the irregular X-ray burst originates from the thermonuclear flash in a shallow ocean.
Introduction
Neutron star (NS) low mass X-ray binaries (NSLMXBs) consist of a magnetized NS (B NS < 10 10 G) and a low mass companion star (M c ≤ 1M ⊙ ). Soft-to-hard transitions are commonly seen in NS and black hole X-ray binaries (e.g., Lin et al. 2007; Homan et al. 2001) . Accreting millisecond X-ray pulsars (AMXPs) constitute a subclass of NS-LMXBs (Wijnands & van der Klis 1998) . The spectra of AMXPs are often characterized by blackbody (BB) emission from a heated spot on the NS surface and Comptonization emission heated by the accretion shock (e.g., Falanga et al. 2007) .
As accreted hydrogen/helium matter accumulates on the NS surface, the accreted matter from the companion star is compressed and heated, occasionally leading to unstable burning if the temperature is sufficiently high, producing X-ray bursts. These bursts are known as type-I X-ray bursts (Galloway et al. 2008) . Since the type-I X-ray bursts were discovered in the mid-1970s (Belian et al. 1976; Grindlay et al. 1976) , thousands of such X-ray bursts have been observed in more than 100 NS-LMXBs (e.g., Galloway et al. 2008) . During the episodes of type-I X-ray bursts in the light curves of accreting NSs, the count rate increases abruptly in a short term (≤1-10 s), reaching a lot of times the persistent intensity, then decreases slowly in a relatively long term (from tens to hundreds of seconds). Generally, the type-I X-ray bursts show cooling tails, which are attributed to the NS photosphere cooling down after the fast injection of heat from nuclear reactions (Linares et al. 2011, hereafter LCK11) . In some cases, quasi-periodic oscillations (QPOs) are found in X-ray bursts. Recently, Linares et al. (2012) argued that a mHz QPO is resulted from the thermonuclear burning when the mass accretion rate increases. in't Zand et al. (2017) found that the bolometric light curves during the decay phase in type-I X-ray bursts could be fit by the combination of a power law (PL) and a one-sided Gaussian function well. Type-II X-ray bursts were observed in MXB 1730-335 (Lewin et al. 1993) and GRO J1744-28 (Kouveliotou et al. 1996) . It found that the inner disk radii are larger in the two sources than in other NS-LMXBs (Degenaar et al. 2014; van den Eijnden et al. 2017) . In some cases, the type-II X-ray bursts are defined as ones which lack cooling tails (e.g., Kuulkers et al. 2002; Galloway et al. 2008) . However, LCK11 found that the ratio of the peak-burst luminosity to the persistent luminosity could determine whether a cooling tail is present or not in a X-ray burst.
SAX J1748.9-2021 was discovered by BeppoSax in 1998 (in 't Zand et al. 1999) . It is a NS X-ray transient located in the globular cluster NGC 6440 with a distance of ∼(8.2-8.5) kpc (Ortolani et al. 1994; Kuulkers et al. 2003; Valenti et al. 2007 ). Until now, SAX J1748.9-2021 has been observed in outburst fives times: 1998 (in 't Zand et al. 1999 (in't Zand et al. 2001 (Markwardt & Swank 2005 , 2010 (Patruno et al. 2010 ) and 2015 (Bozzo et al. 2015) . The X-ray pulsations at around 442.3 Hz were detected during the 2001, 2005, 2010 and 2015 outbursts, from which an orbital period of ∼8.76 hours was inferred (Gavriil et al. 2007; Altamirano et al. 2008; Sanna et al. 2016) . Three type-I X-ray bursts were first detected during the 1998 outburst (in 't Zand et al. 1999) , and then sixteen and four such X-ray bursts were observed in the 2001 (Kaaret et al. 2003) and 2005 outbursts (Altamirano et al. 2008) , respectively. Recently, 25 type-I X-ray bursts were detected in the EPICpn data of XMM-Newton during the 2015 outburst (Pintore et al. 2016) . Assuming a pure-helium atmosphere, Galloway et al. (2008) inferred a distance of 8.1 kpc to this source from the peak fluxes of its six Photospheric Radius Expansion (PRE) bursts. This AMXP hosts a nearly face-on accretion disk with a low inclination angle (∼8
• -14 • , Cadelano et al. 2017) . A strong H α line was detected in this system, from which the mass, radius, and surface temperature of its companion star are estimated to be 0.70-0.83 M ⊙ , 0.88±0.02 R ⊙ , and 5250±80 K, respectively (Cadelano et al. 2017) .
In this work, we search and study the X-ray bursts of SAX J1748.9-2021 during the 2010 outburst of this source, based on the observations on board Rossi Xray Timing Explorer (RXTE ). The observations and data analysis are described in Section 2, the results are presented in Section 3, and the discussions are given in Section 4.
Observations and data analysis
We use the publicly available data of SAX J1748.9-2021 during its 2010 outburst on-board the RXTE satellite to perform our analysis. There are 59 observations of this outburst in the data set P94315 between Jan 18, 2010 and Feb 27, 2010 (MJD: from 55214 to 55254). The light curve of this outburst is shown in the top panel of Fig. 1 . The exposure time of each observation spans a range of 0.43-10 ks and the exposure times during this outburst add up to ∼216 ks ). With HEASOFT 6.22, we perform our analysis using the data from the Proportional Counter Array (PCA), which was composed of five Proportional Counter Units (PCU0-4).
In this work, the Standard 2 mode data from PCU2, with time resolution of 16 s and energy band of 2-60 keV, are used to extract the spectra of persistent emission by use of the FTOOLS SAEXTRCT. Usually, a spectrum of persistent emission is produced with the data of 160 s prior to a X-ray burst. Manipulating FTOOLS PCABACKEST, we produce the PCA background files from the PCA background model provided by RXTE team and, then, extract the PCA background spectra with SAEXTRCT. When extracting spectra, we chose the good data by inputting the Good Time Interval (GTI) files, which are created operating FTOOLS MAKETIME with the criteria of elevation angle > 10
• and pointing offset < 0.02
• . The response matrices are produced with PCARSP V11.7.1, a perl script of RXTE. With the response matrices, we construct a combination model consisting of a BB (BB1), a PL, plus a line component taking the form of GAUSS to fit the background-subtracted PCA spectra of persistent emission. In the combination model of BB1+PL+GAUSS, the BB1 describes the NS emission due to accretion, the PL interprets the emission from the accretion disk, and the GAUSS accounts for the iron lines. It is noted that this model is similar to the so-called "Western Model " (White et al. 1986 ), which has been frequently used to fit the spectra of NS-LMXBs.
The Event mode data (E 125us 64M 0 1s) of PCU2 are used to search and analyze the X-ray bursts within this outburst. Firstly, in order to search X-ray bursts, we produce light curves with time bin of 1 s and in 2-60 keV with FTOOLS SEEXTRCT. We find 13 Xray bursts, which are listed in Table 1 and shown in Fig. 2 . The start time of a X-ray burst, listed in Table 1, is defined as the time point when the count rate rises to 10% of the peak count rate in the rise phase of the X-ray burst. Fig. 3 shows the hardness ratio of the detected X-ray bursts, which is defined as the ratio of the count rate in 6-30 keV to the count rate in 2-6 keV. In Figs. 2 and 3 , the coordinate origin in the horizontal axis is defined as the time point when the intensity reaches the peak count rate. Secondly, with time bin of 0.25 s, we extract the time-resolved spectra of every X-ray burst by use of SEEXTRCT. Finally, we construct a model of BB2+f a (BB1+PL+GAUSS) to fit the spectra of all the X-ray bursts. In this model, the BB2 accounts for the emission of the X-ray bursts due to the thermonuclear burning on the NS surface. The combination model of BB1+PL+GAUSS describes the persistent emission during the X-ray bursts. Taking into account the variation of the persistent emission during these X-ray bursts, this combination model is modified with a multiplicative factor f a (Worpel et al. 2013 (Worpel et al. , 2015 .
The spectra of persistent emission and the spectra during the X-ray bursts are fit with xspec 12.9.1 m (Arnaud 1996) in 3-20 keV. When fitting, a multiplicative model (PHABS in XSPEC) describing interstellar absorption (Wilms et al. 2000 ) is used, a systematic error of 0.5% is added into the spectra due to calibration uncertainties, the parameters of the model interpreting the persistent emission during the X-ray bursts are fixed at those during the non X-ray bursts, and the parameters are estimated within the confidence level of 90%. The line energy and line width of the iron line are fixed at 6.7 keV and 0.4 keV, respectively (Pintore et al. 2016) . Because the BB temperature is less than several keV, the BB flux in the energy band less than 3 keV contributes much to the total flux of BB, so we apply the convolution model of CFLUX to estimate the flux in 1.5-30 keV.
After fitting all the spectra of each X-ray burst, we get its time-resolved flux spectrum. Following the method of in't Zand et al. (2017) , we obtain the delay time of each X-ray burst by fitting the descending segment of its time-resolved flux spectrum with a twocomponent model consisting of a PL and a one-sided Gaussian function:
where G is the normalization of the Gaussian function and s is the standard deviation of flux spectrum. The Gaussian function centroid is fixed to the start of the burst (t s ) and t 0 is defined as the time point when the flux descends below 55% of the peak flux. The end time of the X-ray burst is defined as the time point when the flux drops down to 10% of the peak flux. It is noted that the error bars are not considered in this analysis, because the flux values fluctuate remarkablly. Then, we measure the fluence of each X-ray burst (E b ) in 1.5-30 keV by integrating over the complete duration of this X-ray burst, which is listed in Table 1 .
Results

Outburst
Excluding the count rates during the X-ray bursts, the hardness ratio of the outburst is defined as the count rate ratio of 10-30 keV/5-10 keV, which is shown in the bottom panel of Fig. 1 . The decay phase of the 2010 outburst from SAX J1748.9-2021 lasted about 30 days, which is similar to the 2001, 2005 and 2015 outbursts (Altamirano et al. 2008; Pintore et al. 2016) . As shown in Fig. 1 , after MJD 55234, the count rate in 2-30 keV decreased remarkably, while the hardness ratio increased notably, which might suggest that this source undergoes a spectral transition.
X-ray bursts
In this work, we find 13 X-ray bursts during the 2010 outburst of SAX J1748.9-2021, which are listed in Table 1 and shown in Fig. 2 . Moreover, these detected X-ray bursts are marked with spikes during the outburst in the top panel of Fig. 1 , showing that X-ray bursts #1-11 occur when the hardness ratios are ∼0.25, nevertheless X-ray bursts #12-13 are present when the hardness ratios are ∼0.37 and ∼0.44, respectively. It is noted that the count rate is much smaller than of other X-ray bursts and all the other X-ray bursts show cooling tails, but the X-ray burst #10 lacks such a cooling tail. Moreover, the duration of the X-ray bursts except the X-ray burst #10 spans a range of 10-30 s. Therefore, all the detected X-ray bursts are the type-I X-ray bursts except the X-ray burst #10 (LCK11).
The hardness ratio can be used to investigate the X-ray burst evolution (Strohmayer & Bildsten 2006; Chen et al. 2010) . As shown in Fig. 3 , except burst #10, the hardness ratio of all the X-ray bursts shows remarkable evolution. It is noted that within the rise phase of bursts #7, 8, 9, 11 and 13, the hardness ratio of these bursts decreases abruptly and, then, increases rapidly, which demonstrates the phase for PRE phenomenon. All the observed PRE X-ray bursts reach their PRE phase within 0.5 s, as shown in Figs. 2 and 3. The red spikes in the top panel of Fig. 1 mark the 5 PRE X-ray bursts in the outburst, and the black spikes in this panel mark the 7 non-PRE X-ray bursts, i.e. the X-ray bursts #1-6 and 12.
As shown in Fig. 3 , the duration is obviously larger of the non-PRE X-ray bursts than of the PRE X-ray bursts. It is noted that the duration of the X-ray burst #12 is the shortest among the non-PRE X-ray bursts. In order to further compare the two types of the found type-I X-ray bursts, we calculate the average light curves of the PRE X-ray bursts and non-PRE X-ray bursts in three energy bands, i.e. 2.1-3.6 keV, 3.6-6.4 keV, 6.4-16.0 keV, respectively, which are displayed in the left panel of Fig. 4 . It is shown that in any energy band the average peak count rate is larger of the PRE bursts than of the non-PRE bursts, while the burst profile is wider of the non-PRE bursts than of the PRE bursts. The average peak count rate of the PRE bursts or non-PRE bursts increases when the energy band goes up. In any energy band, the peak count rate of the non-PRE bursts occurs at the coordinate origin of the horizontal axis, while the peak count rate of the PRE bursts moves left when the energy band goes down.
We would like to make a comparison between the X-ray burst #10 and the standard type-I X-ray bursts. The light curves of this burst in the three energy bands are shown in the right panel of Fig. 4 . It is seen that among the three energy bands the largest peak count rate of this burst occurs in the middle energy band, while the largest peak count rate of the average light curve of the PRE or non-PRE bursts occurs in the highest energy band. The peak point of this burst does not move horizontally, which is similar to behavior of the non-PRE bursts, but the peak point of the PRE burst moves left, as pointed above. The profile of the X-ray burst #10 is obviously narrower than that of the PRE or non-PRE bursts. Moreover, as mentioned above, this burst lacks a cooling tail, but the PRE or non-PRE bursts show obvious cooling tails. Therefore, in this paper we call the X-ray burst #10 an irregular X-ray burst, which is marked with the green spike in the top panel of Fig. 1. 
Spectral fitting
In this work, a combination model of BB1+PL+GAUSS is applied to fit the spectra of persistent emission, while the model of BB2+f a (BB1+PL+GAUSS), another combination model, is used to fit the spectra during the X-ray bursts. The value of χ 2 ν varies in the range of ∼0.8-1.2, indicating that the fittings are acceptable statistically well. From the spectral fitting, we obtain the flux of persistent emission (F per ), the peak flux of every burst (F l ), and the parameter β (β ≡ F l /F per ), which are listed in Table 1 . We obtain the fluence of every X-ray burst (E b ) through fitting its time-resolved 
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Intensity (cts/s/cpu at 2 − 60 kev) Fig. 2 The background-subtracted light curve at 2.0-60.0 keV of the 13 bursts. The time resolution is 0.25 s. The gray areas represent the PRE phases of the 5 PRE X-ray bursts. Time zero on the X-axis is the time point when the intensity reaches the peak count rate (see Table 1 ). 
Harndess Ratio (6 − 30 kev)/(2 − 6 kev) Fig. 3 Hardness ratios (6-30 keV)/(2-6 keV) of the 13 bursts. The time resolution is 0.25 s. The gray areas represent the PRE phase. Time zero on the X-axis is the time point when the intensity reaches the peak count rate (see Table 1 ). Fig. 6 The correlation between the multiplicative factor fa and the X-ray burst temperature. The left and right panels show the results of the non-PRE X-ray bursts as well as the irregular X-ray burst and the PRE X-ray bursts, respectively. flux spectrum with Equation 1. The obtained value of E b and the value of the multiplicative factor f a of the peak flux of every X-ray burst are also listed in Table 1. Inspecting the evolution of the source intensity with the detected X-ray bursts in Fig. 1 and the values of β listed in the last column of Table 1 , it is concluded that generally, the value of β increases with decreasing ofṀ, but the value of β of the irregular X-ray burst is the least among the 13 X-ray bursts, although it occurs in episode of intermediateṀ during the outburst. From spectral fitting, we obtain the evolution of the parameters of BB2, i.e. the parameters describing the emission due to the thermonuclear burning on the NS surface. Fig. 5 shows the evolution of the BB2 parameters of the X-ray burst #13. In this figure, it is shown that around the blue line, the BB temperature reaches the minimum, while the BB radius (R bb ) reaches the maximum, being larger than the NS radius (10 km) and, therefore, showing the typical PRE phenomenon. The X-ray burst #13 is a peculiar X-ray burst. Not only is it a PRE X-ray burst, but also it displays the so-called "touch-down" behavior, which is shown around the red line in Fig. 5 : the BB temperature (kT bb ) reaches the maximum, while the BB radius (R bb ) touches the minimum, and the burst flux (F bol ) approaches the maximum.
The behavior of the multiplicative factor
The evolution of the multiplicative factor (f a ) with the BB temperature (kT BB ) of the non-PRE as well as the irregular X-ray burst and the PRE X-ray bursts, is shown in the left and right panels of Fig. 6 , respectively. Except the non-PRE X-ray burst #12 and the PRE X-ray burst #13, it is shown that f a is positively correlated with kT BB for the non-PRE X-ray bursts and the points of these non-PRE X-ray bursts are relatively concentrated, but obvious correlation between f a and kT BB cannot be seen for the PRE X-ray bursts and the points of these PRE X-ray bursts are distributed somewhat randomly. It is noted that any correlation between the two parameters cannot be seen for the burst #12 or #13 and the points of any of the two bursts are distributed very randomly and diffusely. Moreover, all the values of f a of all the X-ray bursts are positive except the bursts #12 and #13, while they are negative of the bursts #12 and #13 in some cases. It is important to point out that the two X-ray bursts, i.e. #12 and #13 are detected in the episodes with relatively lowṀ during the outburst, as sown in Fig. 1 , might implying that the two bursts are in the hard state of this source. The negative values of f a were also found in the hard state of atoll source 4U 1608-52 (Ji et al. 2014 ).
In order to further investigate the behavior of the multiplicative factor, we calculate the average value of f a in each flux bin of 2×10 −9 erg cm −2 s −1 and the evolution of f a with the burst flux is shown in Fig. 7 . Any correlation between the multiplicative factor and the burst flux cannot be seen for the detected X-ray bursts except the bursts #12 and #13. However, for the X-ray burst #12 or #13, when the burst flux is larger than a critical value, i.e. ∼2.1×10 −8 erg cm −2 s −1 , the anticorrelation between the two parameters is visible and the negative values of f a are present in some cases.
Discussion
In this work, we find 12 standard type-I X-ray bursts, including 7 non-PRE X-ray bursts and 5 PRE X-ray bursts, and an irregular X-ray burst. As shown by Fig. 1 , Most of the X-ray bursts (#1-9) are found in the episode with relatively highṀ during the outburst, two X-ray bursts (#10-11) are detected in the term with the intermediateṀ, and the last two X-ray bursts (#12-13) are present in the duration with relatively lowṀ. The X-ray bursts disappear when theṀ of the source is extremely low. Most of the non-PRE X-ray bursts are found in the episode with relatively highṀ, while the occurrence of the PRE X-ray bursts does not depend onṀ.
Touch down
For the PRE X-ray bursts, the radius of the photosphere could be much larger than the NS radius during the expansion episode, while the photosphere will contract during the contraction phase and its radius might reach the minimum, i.e the NS radius, which is called the so-called "touch-down" phenomenon (Damen et al. 1990) . In this work, we find such a PRE X-ray burst, i.e. the PRE X-ray burst # 13, as shown in Fig. 5 . Kajava et al. (2014) suggested that only the PRE X-ray bursts in the hard state could show such "touch-down" behavior. As pointed out above, the X-ray burst #13 is found in the episode with relatively large hardness ratio and meanwhile, relatively lowṀ, might suggesting that this X-ray burst is in the hard state of this source. Moreover, the value of the multiplicative factor (f a ) of this PRE X-ray burst is negative occasionally, suggesting that the accreting matter may be thrown out (Ji et al. 2014) , which could happen when the inner disk radius is relatively large, being the typical characteristic of the hard state.
The"touch-down"phenomenon can be a way through which to determine the NS mass and radius (Damen et al. 1990; Özel et al. 2009 ). Here, with the spectral parameters of the touchdown, i.e. kT bb (∼ 2.8 km), we estimate the NS radius as follow (Lewin et al. 1993 )
where f c (td) is the colour correction factor at the time of touchdown (td). Since the inner disk truncation radius is large enough in the hard state, so the entire NS surface may be visible. Therefore, the anisotropy of X-ray emission will not be taken account of for us to derive the NS radius (R NS ). The burst flux approaches the maximum at td and then drops to the half of the touch down flux at td/2. All NS atmosphere models suggest that the color-correction factor (f c ) decreases in the beginning of cooling phase when the X-ray burst luminosity drops below the Eddington value (Suleimanov et al. 2011) . Therefore, we assume f c to be a relatively low value at td/2, i.e. f c (td/2) ≈1.4, and derive the value of f c (td) (Kajava et al. 2014) . With the inferred f c (td), the value of R bb , and taking the value of gravitational redshift (z) to be 0.31, we obtain R NS ≈13.2
−2.4 km. The derived value of R NS approximates to the values of 8.18±1.62 km and 10.93±2.09 km reported in the paper of Güver &Özel (2013). However, the inferred value of R NS is somehow larger than that reported by Pintore et al. (2016) , i.e. 7.0-7.6 km, which might remind us to consider the anisotropic X-ray emission for deriving R NS .
It is noted that the X-ray burst flux at the touchdown just approaches the peak flux, so the touchdown flux and the peak flux can be compared each other. Galloway et al. (2008b) suggested that if the ratio of the peak flux to the touchdown flux (f = f l /f td ) is smaller than 1.6, the source will possess a low inclination angle and then, it will be a non-dip source. For SAX J1748.9-2021, this ratio is ∼1.24 +0.26 −0.25 , indicating that this source hosts a nearly face-on disk.
Persistent emission
The persistent emission due to accretion could be critical for X-ray bursts to occur and it might be responsible for the characteristics of X-ray bursts. Peng et al. (2007) suggested that the unstable burning of hydrogen can trigger the burning of a thick layer of helium when the mass accretion rate is below 0.3%Ṁ edd . Until now, some type-I X-ray bursts with relatively long duration (tens of minutes) have been observed at such low mass accretion rate of persistent emission (in't Zand et al. 2005; Falanga et al. 2008; Barrière et al. 2015; Keek et al. 2017 ). However, Cooper & Narayan (2006) proposed that the type-I Xray bursts will occur only when the accretion rate is below a critical value, i.e. ∼0.3Ṁ edd , which is conformed with the γ − τ diagram in figure 12 of Galloway et al. (2008) , except two Z sources, i.e. GX 17+2 and Cyg X-2. As for the Z source GX 17+2, Lin et al. (2009) suggested that the type-I X-ray bursts occurring at the Eddington accretion rate might be due to not only the accretion rate, but also the chemical composition of the accreted matter from its companion star. Moreover, many X-ray bursts were observed when persistent emission was between 0.1 and 0.5 Eddington accretion rate (Linares et al. 2012) .
Recently, several authors argued that the accretion emission is synchronously enhanced during X-ray bursts, possibly resulting from the Poynting-Robertdon drag (Worpel et al. 2013 (Worpel et al. , 2015 . However, Ji et al. (2014) found that in some cases of the hard state, the particles in the accretion disk will be ejected out to infinity, implying the decrease of persistent emission. Such cases are also found for two detected X-ray bursts in this work, i.e. the X-ray bursts # 12 and 13, as mentioned above.
Here, we investigate the persistent emission of SAX J1748.9-2021. Simply, we assume that the spectral model of accretion emission during the X-ray bursts is not changed (Degenaar et al. 2016) , and the anisotropy factor keeps unvaried. Moreover, we take the NS mass and radius to be 1.4 M ⊙ and 10 km, respectively, and then the gravitational redshift 1+z = 1.31. Taking account of the anisotropic emission, the bolometric persistent luminosity L per can be calculated as follow (Fujimoto 1988) 
where ξ p is the anisotropy factor for the persistent emission. Taking the value of ξ p to be ∼0.5 (He & Keek 2016) and a distance of 8.5 kpc to the source (Ortolani et al. 1994) , the persistent emission luminosity (L per ) during the X-ray bursts spans a range of ∼(0.4-1.9)× 10 37 erg s −1 or ∼(1.0 -4.9)%L edd , where L edd = 3.8× 10 38 erg s −1 . Therefore, the persistent emission of SAX J1748.9-2021 satisfies the accretion condition for the type-I X-ray bursts to occur (Cooper & Narayan 2006) .
Burst fuel
As mentioned above, these X-ray bursts occur at (1.0 -4.9)%Ṁ edd persistent emission. In this case, hydrogen is burned into helium steadily through the hot CNO cycle, which means that a pure-helium burst may be ignited by the 3α process (Trap et al. 2009 ).
We now discuss the observed recurrence times of the X-ray bursts. The data gaps between bursts #6-7 are minimum, which results in the lowest deviation in consequence. Thus, we only analyze the observed recurrence times of burst #6-7. Gaps (∼ 2000 s) between bursts #6-7 indicate that it is possible that X-ray bursts were missed. Assuming that this is not the case, the observed recurrence time τ rec of burst #7 is ∼ 2.2 hours. Burst #7 exhibits a fast rise (∼ 0.5 s) and a short burst duration (∼ 15 s), which indicates hydrogen-poor material at ignition. Furthermore, the ratio of the integrated persistent flux to the totally burst energy for burst #7,
can be calculated to be ∼ 188.7, which usually indicates a helium-rich X-ray burst. Then, the observed Q nuc = c 2 z/α ≈ 1.6 MeV nucleon −1 = 1.6+0.4X MeV nucleon −1 where c is the speed of light and X is the mean hydrogen-fraction of the fuel layer. Then, X ∼ 0. All these phenomena prove that our assumption that X-ray bursts were not missed is reasonable. Cadelano et al. (2017) suggested that the companion star of SAX J1748.9-2021 is a main-sequence star. Thus, we suggest that the hydrogen-fraction of accreted material, X 0 , is ∼ 0.7. For burst #7, hydrogen burns stably as fast as it is accreted, the hydrogen burning time is given by Lampe et al. (2016) t CNO = 9.8 (
where t CNO ∼ τ rec , Z CNO is the CNO metallicity. In the following text, we assume that these 13 X-ray bursts originate from the pure-helium ocean (X = 0) and Z CNO is kept constant. Moreover, we are trying to constrain type-I X-ray burst fuel by comparing the differences between the observed ignition depth and the critical column depth if hydrogen burns stably as fast as it is accreted. The observed ignition depth is given by
where ǫ nuc is the nuclear energy released per unit mass that can be calculated from the nuclear energy released per nucleon by ǫ nuc = Q nuc × 10 18 erg g −1 (Trap et al. 2009 ), the total burst energy E total can be calculated by E total = 4πd 2 ξ b E b , i.e. E total ∼ 0.04 and (0.60-1.12)×10 39 erg for burst #10 and type-I X-ray bursts, respectively. Here ξ b is the anisotropy factor for the burst emission (ξ b ∼ 0.5, He & Keek 2016). The observed ignition depths y ign are ∼ 0.03 and (0.36 -0.73) × 10 8 g cm −2 for burst #10 and type-I X-ray bursts, respectively. Then, if hydrogen burns stably as fast as it is accreted, giving a critical column depth (Cumming & Bildsten 2000) by
where ǫ H is ∼ 5.8× 10 15 × Z CNO erg −1 s −1 (Hoyle & Fowler 1965) and E H is 6.0 × 10 18 erg g −1 (Wallace & Woosley 1981) andṁ per is the local accretion rate per unit area for persistent emission before the X-ray bursts that can be calculated byṁ per = L per (1 + z)(4πR 2 NS (GM NS /R NS )) −1 , i.e. ∼ (2.2-10.5) × 10 3 g cm −2 s −1 for all X-ray bursts. We find that y ign > y d for type-I X-ray bursts #11, 12 and 13, which suggests that hydrogen is completely depleted, leaving only helium for the explosion. However, y ign ≤ y d for other type-I X-ray bursts, which means these type-I X-ray bursts ignite in a heliumrich environment. Assuming that the fuel for all type-I X-ray bursts is pure-helium, the properties of each type-I X-ray burst vary little with the accretion rate (Lin et al. 2009 ). However, the duration of burst #12 is obviously shorter than those of other non-PRE Xray bursts, which suggests that pure-helium is not the case in SAX J1748.9-2021. Thus, we finally suggest that type-I X-ray bursts in SAX J1748.9-2021 originate from a helium-rich or pure-helium ocean.
Irregular X-ray burst
Among the 13 found X-ray bursts, the X-ray burst #10 behaves very differently, especially lacking a cooling tail. Such non-cooling X-ray bursts have been observed in four other NS-LMXBs, which show the Z source behaviors (LCK11), while this source, SAX J1748.9-2021, resembles an atoll source somewhat (Patruno et al. 2009 ). LCK11 proposed that it is the ratio of the burst peak flux to the persistent emission flux, i.e. the parameter β (β ≡ F l /F per ), rather than solely F l or F per , that determine whether cooling tails are present or not. When β is less than a threshold, non-cooling tails are observed. The small value of β implies the relatively larger value of F per and meanwhile the relatively less value of F l . As listed in Table 1 , among the 13 X-ray bursts detected in this work, the peak flux of burst #10 is the least, its persistent emission flux is relatively high, and then β shows the least value, i.e. ∼1.6 +0.8 −0.8 . Therefore, it is reliable that the X-ray burst #10 could be a non-cooling burst.
In our analysis, similarly to fit the spectra of those cooling bursts, we use a BB model to fit the timeresolved spectra of this non-cooling burst and the fittings are statistically good, which might indicate that the non-cooling burst is originated from the same mechanism as the cooling bursts, i.e. the thermonuclear burning on the NS surface, as suggested by LCK11. As shown by the top panel of Fig. 1 , the non-cooling burst is found in the episode with the relatively highṀ of the source. LCK11 argued that whenṀ increases, the NS photosphere will be hotter, which might smear out the burst cooling tail. On the other hand, LCK11 suggested that with increasing ofṀ, the burned mass will be less and thus, the ignition column depth (y ign ) will be lower, resulting in colder and less energetic bursts. As listed in Table 1 , among the 13 bursts, the burst fluence (E b ) of burst #10 is the least. With the value of E b , according to Eq. 6, the inferred ignition depth of burst #10 is ∼0.03×10 8 g cm −2 , certainly being the least ignition depth among the13 bursts, because y ign ∝ E total . Therefor, our result somewhat conforms to the mechanism of LCK11 responsible for non-cooling bursts.
